Introduction {#sec1}
============

The study of coordination chemistry of Cu^I^, Ag^I^, and Au^I^ complexes is quite interesting because of their structural diversity associated with luminescence properties.^[@ref1]−[@ref8]^ In particular, Cu^I^ compounds have been studied in depth because of their high abundance, relative cost advantage, and strong emission in both solid and solution states^[@ref9]−[@ref11]^ besides their catalytic properties.^[@ref12]^ Such features make them favorable and substitute materials to rather expensive platinum metal-based luminescent complexes.^[@ref13]^ The different structural motifs adopted by Cu^I^ complexes starting from CuX moieties depend to a large extent on the metal-to-ligand ratios, the steric properties, and the bite separation of the ligands employed.^[@ref14]−[@ref19]^ Simple tertiary phosphines with moderate bulk adopt cubane-type structures,^[@ref20]^ whereas the others prefer dimeric structures containing {Cu~2~(μ-X)~2~} rhombic units.^[@ref21],[@ref22]^ Bidentate ligands with flexible donor arms prefer either tetranuclear ladder or stairstep-type structure.^[@ref23]^ All of these complexes contain μ~2~-, μ~3~-, or μ~4~-bridging halide ions.^[@ref21],[@ref24]−[@ref27]^

Although Cu^I^ chemistry of both short-bite and large-bite bisphosphine ligands has been extensively studied, similar studies on Cu^I^ complexes of P∩N, P∩O, and P∩S donor ligands are less extensive. Among hybrid ligands, phosphines attached to pyridyl groups appear to be an ideal combination due to the interesting luminescent properties. These complexes often show multiple emissive triplet excited states.^[@ref13]^ Extensive studies by Ford and co-workers^[@ref28]^ have shown that the higher energy emissions of \[Cu~4~X~4~L~4~\] (L = 2-(diphenylmethyl)pyridine or pyridine) are due to the halide-to-ligand charge-transfer (XLCT) excited states, and the lower-energy emissions are from an excited state with a mixture of halide-to-metal charge-transfer (XMCT) and metal-centered orbital parentage. Complexes having rhomboid core, {Cu~2~(μ-X)~2~}, considered to be the monomers of {Cu~4~I~4~} unit, are also emissive.^[@ref29]−[@ref32]^ Copper complexes having {Cu~2~(μ-X)~2~} rhomboids have been preferably made due to their luminescence and also interesting structural features.^[@ref33]^ The metal--metal interactions, normally found among Cu^I^, Ag^I^, and Au^I^ ions, have great influence on the energy and efficiency of emission of the polymetallic complexes in the solid state and in solution.^[@ref34]−[@ref37]^ As an extension of our interest^[@ref21],[@ref25],[@ref38],[@ref39]^ and the interest of others^[@ref13],[@ref31],[@ref40]−[@ref42]^ in functionalized/hybrid/ambidentate ligands, herein, we report the synthesis and the structural and photophysical properties of novel Cu^I^, Ag^I^, and Au^I^ complexes derived from the pyrimidine-based phosphine, \[C~4~H~3~N~2~-2-NH(CH~2~PPh~2~)\].

Results and Discussion {#sec2}
======================

Pyrimidine-functionalized phosphine \[C~4~H~3~N~2~-2-NH(CH~2~PPh~2~)\] (**1**) was prepared using a modified procedure reported earlier with improved yield.^[@ref43]^ Treatment of **1** with 1 equiv of CuX (X = Cl and Br) resulted in the formation of one-dimensional (1D) coordination polymers \[{CuX}{C~4~H~3~N~2~-2-NH(CH~2~ PPh~2~)}\]~∞~^[@ref44]^ \[X = Cl (**2**) and Br (**3**)\], whereas similar reaction with CuI yielded \[{CuI}~4~{C~4~H~3~N~2~-2-NH(CH~2~PPh~2~)}~2~(NCCH~3~)~2~\] (**4**) having a ladder structure ([Chart [1](#cht1){ref-type="chart"}](#cht1){ref-type="chart"}).

![Copper Complexes of Ligand **1**](ao-2018-024845_0001){#cht1}

The ^31^P{^1^H} NMR spectra of **2**--**4** showed single resonances at −14.8, −14, and −20.7 ppm, respectively. The solid-state ^31^P cross polarized magic angle spinning (CP-MAS) NMR spectra of copper complexes **2**--**4** also showed resonances in the same region as in the solution spectra but as 1:1:1:1 quartets due to ^63,65^Cu--P coupling. The mass spectra of **2** and **3** showed peaks at 356.0591 and 356.0318, respectively, corresponding to the \[M -- X\]^+^ ion (calcd 356.0378).

Solid-state structures of complexes **2**--**4** were established from single-crystal X-ray analysis. The perspective views of the molecular structures of **2**--**4** are shown in [Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}. In complex **2**, two Cu^I^ ions are in tetrahedral environment, each containing two μ~2~-Cl ions and two bridging P∩N(pyrimidine) ligands. The N1--Cu1--P1′, N1--Cu1--Cl1′, N1--Cu1--Cl1, and Cl1--Cu1--Cl1′ bond angles are 122.46(5), 99.12(5), 106.80(5), and 103.93(16)°, respectively.^[@ref45]^ The {Cu~2~(μ~2~-Cl)~2~} units adopt parallelogram configuration with a Cu1···Cu1′ distance of 2.951(5) Å, which lies in the range observed in analogous complexes containing bridging P∩N ligands (2.872--3.303 Å).^[@ref46]^ The molecular structure of **3** is similar to that of **2** with a Cu1···Cu1′ distance of 3.000(6) Å. In both the complexes, one of the pyrimidine nitrogen and phosphorus atoms is coordinated to two {Cu~2~(μ~2~-X)~2~} units to generate a 12-membered repeating unit to form a one-dimensional chain (see [Figure S12](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b02484/suppl_file/ao8b02484_si_001.pdf), Supporting Information (SI)).

![Structures of monomeric units in **2** and **3**. Displacement ellipsoids are drawn at the 50% probability level. Selected bond lengths (Å) and bond angles (deg) for **2**: N1--C4 1.361(3), N2--C4 1.345(3), N3--C4 1.348(3), N3--C5 1.447(3), P1--C6 1.833(2), P1--C12 1.822(2), P1′--Cu1 2.183(6), Cu1--Cl1 2.363(6), Cu1--Cl1′ 2.425(5), Cu1···Cu1′ 2.951(5), N1--Cu1--P1′ 122.46(5), N1--Cu1--C11 106.80(5), N1--Cu1--Cl1′ 99.12(5), and Cl1--Cu1--Cl1′ 103.93(16). **3**: N1--C4 1.360(3), N2--C4 1.352(3), N3--C4 1.346(3), N3--C5 1.443(3), P1--C6 1.834(2), P1--C12 1.824(3), P1′--Cu1 2.202(7), Cu1--Br1 2.484(4), Cu1--Br1′ 2.550(4), Cu1···Cu1′ 3.000(6), N1--Cu1--P1′ 121.98(6), N1--Cu1--Br1′ 99.83(6), and Br--Cu1--Br1′ 106.87(13).](ao-2018-024845_0004){#fig1}

![Schematic representation of the structure of **4**. (a) Asymmetric unit of **4**. (b) Perspective view of **4**. (c) Diamond view of the core ladder unit of **4**. For clarity, hydrogen atoms are omitted (except N--H protons). Displacement ellipsoids are drawn at the 50% probability level. Selected bond lengths (Å) and bond angles (deg): N1--C4 1.357(3), N2--C4 1.340(3), N3--C4 1.348(3), N3--C5 1.452(3), P1--C6 1.824(3), P1--C12 1.825(3), P1--Cu2 2.235(7), N1--Cu1 2.054(2), N4--Cu1 1.986(2), Cu1--I1 2.718(4), Cu2--I2 2.604(4), Cu1···Cu2′ 2.828(5), Cu2···Cu2′ 3.474, Cu1--I1--Cu2 111.73(11), I1--Cu2--I2 103.97(12), N1--Cu1--I1 108.63(6), N1--Cu1--I2′ 104.85(6), I1--Cu1--I2′ 115.37(13), P1--Cu2--I1 115.47(2), and P1--Cu2--I2 119.28(2).](ao-2018-024845_0005){#fig2}

In the case of **4**, two iodide ions, due to their larger size, show μ~3~-bridging mode, thus leading to the formation of a tetrameric complex with a ladder-type structure. The two fused molecular Cu~2~I~2~ rhomboids are stabilized by two μ~2~-P∩N and two acetonitrile ligands in addition to two μ~3~-I and two μ~2~-I ions, as depicted in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. Copper atoms are arranged in a rectangular array with Cu···Cu distances in the range of 2.828--3.474 Å. The Cu1···Cu2′ distance of 2.828(5) Å in **4** indicates weak metal--metal interactions (see [Figure S17](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b02484/suppl_file/ao8b02484_si_001.pdf), SI).^[@ref47],[@ref48]^ These interactions induce considerable change in the luminescence properties.^[@ref49]^ The Cu--P bond distance is 2.235(7) Å.^[@ref50]^ The Cu--I (μ~3~-I) bond distances vary from 2.695(4) to 2.752(4) Å and are marginally longer than the Cu--I (μ~2~-I) bond distances of 2.605(4) and 2.635(4) Å.^[@ref23]^ Complexes **2**--**4** have crystallographically imposed center of symmetry.

It is interesting to compare the Cu···Cu, P--N, and P--P bond distances in di-, tri-, and tetranuclear complexes of various P∩P and P∩N ligands ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) to get some insight into the bite of the ligands versus the preference for different {CuX}*n* structural scaffolds ([Chart [2](#cht2){ref-type="chart"}](#cht2){ref-type="chart"}). Copper complexes adopting different {CuX} motifs show Cu···Cu, P--N, and P--P distances in the ranges 2.524--3.637, 2.726--5.029, and 2.884--6.411 Å, respectively. Usually, short-bite bidentate ligands form ladder-, stairstep-, or rhomboid (II)-based coordination polymers, whereas the large-bite bidentate ligands form either cubane- (V) or ladder-based coordination polymers (VII), metallocycles, or three-dimensional network depending on the rigidity of the ligand framework and the halide ions.^[@ref14],[@ref21],[@ref23]^

![Representation of Some Common {CuXL} Motifs](ao-2018-024845_0002){#cht2}

###### Comparison of Cu···Cu, P--N, and P--P Bond Distances in Analogous Copper Complexes[a](#t1fn1){ref-type="table-fn"}

  complex                                                                              structural type[b](#t1fn2){ref-type="table-fn"}   Cu···Cu (Å)    P--N (Å)       P--P (Å)   ref
  ------------------------------------------------------------------------------------ ------------------------------------------------- -------------- -------------- ---------- ------------
  \[(CuCl)~2~{CH~2~(1,3-C~3~H~2~N~2~PPh~2~)~2~}~2~-κ^2^-*P*,*P*\]                      II                                                3.135                         3.796      ([@ref21])
  \[(CuI)~2~{CH~2~(1,3-C~3~H~2~N~2~PPh~2~)~2~}~2~-κ^2^-*P*,*P*\]                       II                                                3.343                         3.758      ([@ref21])
  \[(CuCl)~2~{CH~2~(1,2-C~3~H~2~N~2~PPh~2~)~2~}~2~-κ^2^-*P*,*P*\]                      II                                                3.090                         3.729      ([@ref21])
  \[(CuCl)~2~{CH~2~(1,2,4-C~2~HN~3~PPh~2~)~2~}-κ^2^-*P*,*N*\]*~n~*                     II                                                3.016          3.544--3.573              ([@ref21])
  \[(CuBr)~2~{CH~2~(1,2,4-C~2~HN~3~PPh~2~)~2~}~2~-κ^2^-*P*,*P*\]                       II                                                3.101                         3.772      ([@ref21])
  \[(CuI)~2~{CH~2~(1,2,4-C~2~HN~3~PPh~2~)~2~}~2~-κ^2^-*P*,*P*\]                        II                                                3.119                         3.777      ([@ref21])
  \[(CuI)~2~(C~5~H~4~N-2-PC~4~H~8~)~3~-κ^2^-*P*,*N*\]                                  II                                                2.665          2.735                     ([@ref42])
  \[(CuI)~2~(C~9~H~6~N-8-PPh~2~)~2~-κ^2^-*P*,*N*\]                                     II                                                2.631          2.982                     ([@ref41])
  \[(CuI)~3~{C~5~H~4~N-2-(CH~2~)~2~PPh~2~}~2~-κ^2^-*P*,*N*\]                                                                             2.524--3.467   4.604                     ([@ref41])
  \[(CuI)~2~{C~5~H~3~N-2,6-(CH~2~P^*t*^Bu~2~)~2~}\]                                    II                                                2.791          3.054                     ([@ref41])
  \[(CuI)~2~(C~5~H~4~N-2-PPh~2~)~3~\]                                                  II                                                2.769(4)       2.729                     ([@ref31])
  \[(CuI)~2~{C~6~H~5~{1,2,3-N~3~C(Ph)C(PPh~2~)}-κ-*P*}~2~\]                            II                                                2.568                                    ([@ref25])
  \[(CuI)~2~{C~5~H~3~N-2-PPh~2~(4-CH~3~)}(PPh~3~)~2~\]                                 II                                                2.816          2.729                     ([@ref51])
  \[(CuI){Ph~2~P(C~6~H~4~CH~2~NMe~2~-*o*)}\]~2~                                        II                                                2.852          3.319                     ([@ref52])
  \[(CuI)~2~(NCCH~3~)~2~(μ-PNP)\]                                                      II                                                2.721                         2.884      ([@ref53])
  \[(Cu~3~I~2~)(P∧N)~3~\]\[CuI~2~\]                                                                                                      2.663--2.819   2.726--2.755              ([@ref40])
  \[Cu~4~I~4~(^Ph^P∧N)~2~\]                                                            IV                                                2.540--2.882   2.731                     ([@ref40])
  \[(CuI)~2~(^*i*Pr^P∧N)~2~\]                                                          II                                                2.795(1)       2.981                     ([@ref13])
  \[Cu~2~(μ-Cl)(μ~3~-Cl){C~6~H~5~N{P-(OC~6~H~3~(OMe-*o*)(C~3~H~5~-*p*))~2~}~2~}\]~2~   VI                                                3.007--3.422                  2.914      ([@ref14])
  \[Cu~4~(μ-Br)~4~{C~6~H~5~N(CH~2~-2-C~6~H~4~PPh~2~)~2~}~2~-κ^2^-*P*,*P*\]             V                                                 3.118--3.340                  6.596      ([@ref23])
  \[Cu~4~(μ-I)~4~{C~6~H~5~N(CH~2~-2-C~6~H~4~PPh~2~)~2~}~2~-κ^2^-*P*,*P*\]              V                                                 3.068--3.356                  6.583      ([@ref23])
  \[Cu~4~(μ~2~-I)~2~(μ~3~-I)~2~{O(CH~2~-2-C~6~H~4~PPh~2~)~2~}~2~-κ^2^-*P*,*P*\]        VI                                                3.077--3.637                  6.190      ([@ref23])
  \[Cu~4~(μ~2~-I)(μ~3~-I)\]~2~\[{O(CH~2~-2-C~6~H~4~PPh~2~)~2~}~2~-κ^2^-*P*,*P*\]       VI                                                2.725--3.622                  6.411      ([@ref23])
  \[{CuCl}{C~4~H~3~N~2~-2-NH(CH~2~PPh~2~)}\]~∞~                                        II                                                2.951(5)       5.024                     this work
  \[{CuBr}{C~4~H~3~N~2~-2-NH(CH~2~PPh~2~)}\]~∞~                                        II                                                3.000(6)       5.029                     this work
  \[(CuI)~4~{C~4~H~3~N~2~-2-NH{CH~2~PPh~2~}}~2~(NCCH~3~)~2~\]                          VI                                                2.828--3.474   4.684                     this work

PNP = PhN(P(OC~6~H~4~OMe-*o*)~2~)~2~; P∧N = 4-(diphenylphosphino)-1-phenyl-5-propyl-1*H*-1,2,3-triazole; ^Ph^P∧N = 4-(diphenylphosphino)-1,5-diphenyl-1*H*-1,2,3-triazole; ^*i*Pr^P∧N = 2-\[(di-isopropylphosphino)methyl\]pyridine.

Compared from [Chart [2](#cht2){ref-type="chart"}](#cht2){ref-type="chart"}.

Some short-bite bidentate ligands show rare tetrameric structure with four copper atoms being coplanar containing μ~2~- and μ~4~-halide ions.^[@ref14],[@ref54]^ Their luminescent properties are greatly influenced by copper···copper distances.^[@ref47]^ Complexes with Cu···Cu distances below 2.7 Å are expected to show Cu--Cu bonding interactions, and those with Cu···Cu separations of more than 2.7 Å may show nonbonding interactions. The stairstep-type structures show shortest Cu···Cu distances in the range of 2.65--2.8 Å^[@ref55]−[@ref57]^ and show characteristic (^3^CC) cluster-centered excited-state emissions. However, those with Cu···Cu distances longer than 2.8 Å do not show any significant Cu···Cu interactions, and luminescence in such complexes is merely due to the halide-to-ligand charge-transfer (^3^XLCT) excited-state emissions.^[@ref13]^

The 1:1 reaction of **1** with AgOTf yielded an unprecedented 1D coordination polymer \[{AgOTf}{C~4~H~3~N~2~-2-NH(CH~2~PPh~2~)}\]~∞~ (**5**) ([Chart [3](#cht3){ref-type="chart"}](#cht3){ref-type="chart"}). Similar reaction between **1** and AgBF~4~ produced a 12-membered dinuclear complex with silver atoms having linear geometry as shown in [Chart [3](#cht3){ref-type="chart"}](#cht3){ref-type="chart"}. The ^31^P{^1^H} spectra of **5** and **6** showed broad singlets at 8.3 and 9.9 ppm, respectively. The ^19^F NMR spectra of **5** and **6** showed singlets at −77.84 and −148.24 ppm, respectively, for triflate and tetrafluoroborate ions.^[@ref58]^ IR spectrum of **5** showed bands around 1591, 1262, and 1025 cm^--1^ for νC=N, coordinated triflate (ν~S=O~) anions, and νC--F bonds, respectively (see [Figure S22](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b02484/suppl_file/ao8b02484_si_001.pdf), SI).^[@ref59]^ The large shift of N--H (7.05 ppm) proton in complex (free ligand 5.50 ppm) indicates the presence of H-bonding between N--H proton and BF~4~ ion. The mass spectra of both **5** and **6** showed peaks at 400.0127 due to the similar *m*/*z* = 400.0127 \[M -- OTf\]^+^ and \[M -- BF~4~\]^+^ (calcd 490.0127), although the former is polymeric in nature ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}).

![Powder X-ray diffraction (PXRD) (Cu Kα) of **2--7** before and after grinding, measured at room temperature and calculated from the single-crystal data recorded at 150 K.](ao-2018-024845_0006){#fig3}

![Silver and Gold Complexes of Ligand **1**](ao-2018-024845_0003){#cht3}

The molecular structure of **5** ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}) confirmed the zigzag 1D chain structure in which ligand **1** bridges the two silver atoms with each silver atom having a trigonal planar geometry coordinated by P∩N and triflate ion. The N2--Ag1--P2, N2--Ag1--O1 and P2--Ag1--O1 bond angles are 140.30(11), 98.18(17), and 113.58(14)°, respectively ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b). The Ag--P, Ag--N, and Ag--O bond distances are in the ranges of 2.379(13)--2.406(13), 2.278(4)--2.286(4), and 2.382(4)--2.501(4) Å, respectively, and are comparable to those found in \[μ-(Bzim)PPh~2~Ag(NO~3~)\]~2~.^[@ref60]^ The different types of 1D chains found in the case of copper and silver complexes are due to their structural flexibility to have linear, trigonal, or tetrahedral geometries.^[@ref61]^

![Structure of **5**. (a) Asymmetric unit of **5** with the atom-labeling scheme. (b) Coordination environment of Ag1 in **5**. (c) Diamond view of 1D chain of **5**. For clarity, hydrogen atoms are omitted (except N--H protons). Displacement ellipsoids are drawn at the 50% probability level. Selected bond lengths (Å) and bond angles (deg): N1--C4 1.341(6), N2--C4 1.362(6), N3--C4 1.353(6), N3--C5 1.438(6), P1--C6 1.838(5), P1--C12 1.816(5), N2--Ag1 2.278(4), P2--Ag1 2.379(13), Ag1--O1 2.382(4), N2--Ag1--P2 140.30(11), N2--Ag1--O1 98.18(17), and P2--Ag1--O1 113.58(14).](ao-2018-024845_0007){#fig4}

The solid-state molecular structure ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}) of **6** consists of a dimeric structure composed of a 12-membered ring with ligand showing head-to-tail coordination involving phosphorus and pyrimidine nitrogen atoms. Compound **6** has crystallographically imposed center of symmetry, and the silver atoms possess nearly linear geometry with a P1--Ag1′--N1′ angle of 166.92(2)°. The intramolecular Ag1···Ag1′ separation is 4.579 Å.^[@ref62]^ The difference between **5** and **6** is in agreement with the preference of Ag^I^ to form dicoordinate complexes,^[@ref61],[@ref63],[@ref64]^ in the absence of other Lewis bases or counteranions. Both the BF~4~ anions exhibit H-bonding with the metallacycle by virtue of N--H···F and C--H···F H-bonds ([Figure S27](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b02484/suppl_file/ao8b02484_si_001.pdf)), as evidenced by ^1^H NMR spectral data. The Ag1--P1 and Ag1--N1 bond distances are 2.352(2) and 2.174(8) Å, respectively.

![Molecular structure of **6**. All H atoms have been omitted for clarity (except N--H protons). Displacement ellipsoids are drawn at the 50% probability level. Selected bond lengths (Å) and bond angles (deg): N1--C4 1.352(12), N2--C4 1.348(12), N3--C4 1.332(13), N3--C5 1.459(11), P1--C6 1.800(9), P1--C12 1.820(9), N1--Ag1 2.174(8), P1--Ag1 2.352(2), N1--Ag1--P1′ 166.92(2), C5--P1--Ag1′ 109.27(3), and C6--P1--C12 106.41(4).](ao-2018-024845_0008){#fig5}

The equimolar reaction of **1** and \[AuCl(SMe~2~)\] in dichloromethane afforded \[{AuCl}{C~4~H~3~N~2~-2-NH(CH~2~PPh~2~)}\]~2~ (**7**) as an off-white solid ([Chart [3](#cht3){ref-type="chart"}](#cht3){ref-type="chart"}). The ^31^P{^1^H} NMR spectrum of **7** showed a singlet at 26 ppm. In this case also, considerable downfield shift of N--H proton was observed, indicating the possible involvement of N--H proton in H-bonding. The mass spectrum of **7** is consistent with the formation of compound *m*/*z* = 490.0743 \[M -- Cl\]^+^ ion (calcd 490.0742). The X-ray structure of **7** confirmed the linear geometry around gold atom and the dimeric nature of the complex via hydrogen bonding,^[@ref65],[@ref66]^ as depicted in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. The Au1--P1 (2.229(13) Å) and Au1--Cl1 (2.301(13) Å) bond distances are found in the expected range.^[@ref67]^ The P1--Au1--Cl1 bond angle is 177.68(4)°.^[@ref68]^ The intermolecular hydrogen bonding between N--H and pyrimidine nitrogen atoms resulted in the formation of eight-membered N2--H6--N6--C31--N5--H3--N3--C14 ring. The N--H···N bond distances (H3···N5 2.174 Å and H6···N2 2.077 Å) are in the typical range of hydrogen bonds.^[@ref69]^ The N2···N6 and N3···N5 distances are 2.952 and 3.037 Å, whereas the N2···H6--N6 and N5···H3--N3 angles are 172.74 and 166.18°, respectively.

![Molecular structure of **7**. All H atoms have been omitted for clarity (except N--H protons). Displacement ellipsoids are drawn at the 50% probability level. Selected bond lengths (Å) and bond angles (deg): N1--C14 1.355(6), N2--C14 1.351(6), N3--C14 1.345(6), P1--C1 1.806(5), P1--C7 1.810(5), H3···N5 2.174, H6···N2 2.077, Au1--C11 2.301(13), Au2--C12 2.302(12), Au1--P1 2.229(13), Au2--P2 2.231(12), N3--C13--P1 111.20(3), C7--P1--Au1 116.08(17), N3--H3···N5 166.18, N2···H6--N6 172.74, P1--Au1--Cl1 177.68(4), and P2--Au2--Cl2 175.65(5).](ao-2018-024845_0009){#fig6}

Powder X-ray diffraction (PXRD) patterns were recorded for **2**--**7** before and after grinding ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). The immaculateness of the bulk powdered sample is affirmed by the diffraction peaks related to those calculated from single-crystal X-ray data ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). The PXRD analysis data of complexes **2**--**7** after grinding reveal that new crystalline phase is formed during the grinding process as no new diffraction peaks were observed in it. However, the intensities of the diffraction peaks of complexes **2**--**7** after grinding decreased with an increase in the widths. Further, these changes may be due to the crystallite size anisotropy and their preferred orientations under the influence of grinding.^[@ref70]^ As depicted in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, the PXRD patterns of complexes **2**--**7** after grinding show broader patterns due to one or more stacking faults^[@ref71]^ incurred during grinding. The change in the color of complexes **2**--**4** after grinding may be due to the change in the particle size, which affects the optical properties of the whole sample. This is well documented in the literature.^[@ref72],[@ref73]^

Solid-State Reaction {#sec3}
====================

In recent years, synthetic chemists have attracted much attention toward developing the methodologies, which are inexpensive, recyclable, and eco-friendly, mainly due to the growing environmental concerns.^[@ref74]−[@ref76]^ A reaction performed under solvent-free condition or using solid support provides many advantages over the routine solution-mediated synthesis^[@ref77]^ in terms of product yield, reaction time, environmentally benign condition, ease of separation of the products and their purification, and also the recyclability of the support,^[@ref78]^ thus minimizing the generation of toxic and nontoxic waste and the problems associated with the disposal of the solvents.^[@ref79],[@ref80]^

In this context, the synthesis of complexes **2**--**4** was attempted by grinding a mixture of ligand **1** and appropriate metal precursors using a pestle and mortar for a period of 5--10 min. Compounds **2g**--**4g** obtained in pure form in almost quantitative yield are found to be slightly different from compounds **2**--**4** evidenced by ^31^P{^1^H} NMR data (see [Figures S31--S33](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b02484/suppl_file/ao8b02484_si_001.pdf), SI). Further, the PXRD analysis data of these complexes showed different patterns compared to those calculated from the single-crystal X-ray diffraction data ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). To confirm the solvent effect, the complexes prepared by grinding methods were stirred in a 1:1 CH~2~Cl~2~/CH~3~CN solution for 30 min; solvents were removed under reduced pressure, dried, and subjected to PXRD analysis. Surprisingly, the PXRD patterns were found to be similar to those made by conventional methods ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}) but with little peak broadening as expected due to the mechanical effect. The purity of the above complexes is confirmed by ^31^P{^1^H} NMR data, elemental analysis data, and melting point observations.

![PXRD (Cu Kα) of the complexes obtained from method B (**2g**, **3g**, and **4g**) and method C (**2gs**, **3gs**, and **4gs**) compared with conventional method A (**2**, **3**, and **4**).](ao-2018-024845_0010){#fig7}

Photophysical Studies {#sec4}
=====================

The electronic absorption spectra of compounds **1**--**7** were examined in acetonitrile and dichloromethane at room temperature and are given in [Figures [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} and [9](#fig9){ref-type="fig"}. In both the solvents, the intense UV absorption bands appearing in the range of 218--250 nm for **1**--**7** are ascribed to ligand-based π--π\* transitions. In addition to the high-energy absorption bands, low-energy shoulder bands are observed around 291--312 nm for **2**--**7**. These low-lying bands are attributed to the MLCT transitions involving Cu^I^/Ag^I^/Au^I^ ions^[@ref81]^ and the ligand skeleton. The emission spectrum of compound **2** in acetonitrile showed red shift (2 nm), whereas that of **4**--**7** showed blue shifts of 12, 4, 6, and 5 nm, respectively, relative to **1**, and **3** did not show any notable change.

![UV--visible absorption and emission spectra of **1**--**7** recorded in acetonitrile (1 × 10^--5^ M). Enlarged view of low-energy absorption bands is shown in the inset.](ao-2018-024845_0011){#fig8}

![UV--visible absorption and emission spectra of **1**--**7** recorded in dichloromethane (1 × 10^--5^ M). Enlarged view of low-energy absorption bands is shown in the inset.](ao-2018-024845_0012){#fig9}

Compounds **1**--**7** on excitation around 270 nm in dichloromethane showed emissions in the range of 368--436 nm. Compounds **2**--**7** showed blue shifts of 65, 68, 62, 56, 57, and 8 nm, respectively, relative to **1**, which is in contrast to the trend observed in acetonitrile, where red shift for **2** and no change for **3** were observed.^[@ref82]^ The difference in emission pattern is due to the different polarities of the solvents, and the details are available in the literature.^[@ref83],[@ref84]^

The disparity in the emissive behavior of **2**--**4** can also be attributed to (i) the effects of different Cu--Cu bond lengths in these complexes and (ii) the rigid coordination environment enforced by the bidentate P∩N ligand that stabilizes the molecular geometry in the ^3^XLCT state.^[@ref13]^ Absorptions, emissions, and relative quantum yields of **1**--**7** are summarized in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. The emission spectra of compounds **2**--**4** are also recorded in the solid state. Luminescence images under UV irradiation showing color changes before and after grinding of complexes **2**--**4** made from solution method are shown in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}, whereas the solid-state emission spectra are given in [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}.

![Luminescence images showing the color changes before and after grinding upon UV irradiation (λ = 365 nm).](ao-2018-024845_0013){#fig10}

![Solid-state fluorescence spectra of copper complexes **2**--**4** before (left) and after grinding (right).](ao-2018-024845_0014){#fig11}

###### Absorption, Emission, and Relative Quantum Yield Data of **1**--**7**

  comp.   λ~abs~ (nm)     λ~em~ (nm)[a](#t2fn1){ref-type="table-fn"}   ϕ       λ~abs~ (nm)     λ~em~ (nm)[b](#t2fn2){ref-type="table-fn"}   ϕ
  ------- --------------- -------------------------------------------- ------- --------------- -------------------------------------------- ------
  **1**   218, 250        367                                          0.003   231, 243, 280   436                                          0.02
  **2**   219, 242, 304   369                                          0.03    231, 303        371                                          0.03
  **3**   225, 245, 291   366                                          0.02    231, 306        368                                          0.02
  **4**   220, 243, 312   355                                          0.004   231, 307        374                                          0.06
  **5**   219, 241, 309   363                                          0.003   243, 315        380                                          0.02
  **6**   223, 309        361                                          0.002   233, 312        379                                          0.01
  **7**   218             362                                          0.008   233, 305        428                                          0.03

Reported relative quantum yields were determined by using naphthalene (ϕ = 0.23, excitation at 270 nm in cyclohexane) as the standard compound.

λ~max~ values were recorded in acetonitrile and dichloromethane.

Before grinding, the emission maxima of **2** and **4** were 537 and 460 nm, respectively, and after grinding, **2** showed blue shift and appeared at 487 nm, whereas compound **4** after grinding showed red shift and appeared at 534 nm. But in the case of **3**, no notable change in its emission color as well as in emission maxima before and after grinding was observed.^[@ref75]^ This may be due to the morphological changes occurred in the complexes (**2**--**4**) upon grinding. This kind of phenomenon is well documented in the earlier reports.^[@ref85],[@ref86]^

Conclusions {#sec5}
===========

Several Cu^I^, Ag^I^, and Au^I^ complexes of pyrimidine-based phosphine ligand were synthesized and structurally characterized. Copper complexes adopted Cu~2~X~2~ rhombic units to form either one-dimensional coordination polymers or tetranuclear ladder-type complexes. A rare pyrimidine--phosphine-coordinated disilver complex with silver adopting linear geometry has been isolated and structurally characterized. Gold complex due to the intermolecular hydrogen bonding between the pyrimidine molecules forms a dimer. The copper complex **2** showed red shift, whereas complexes **3**--**4** showed blue shift relative to the free ligand **1**. The dissimilarity in emission behavior of Cu^I^ complexes can be attributed to the difference in metal···metal bond distances. Interestingly, all copper complexes were also prepared using a pestle and mortar in almost quantitative yields but with very different morphology and fluorescence properties.

Experimental Section {#sec6}
====================

General Procedures {#sec6.1}
------------------

All manipulations were performed using the standard vacuum line and Schlenk techniques under dry nitrogen or argon. Solvents were dried by standard methods and distilled prior to use. CuX \[X = Cl and Br\]^[@ref87]^ and \[AuCl(SMe~2~)\]^[@ref88]^ were prepared using reported methods. CuI was purchased from Sigma-Aldrich and used as received.

Instrumental Methods {#sec6.2}
--------------------

The ^1^H and ^31^P{^1^H} NMR (δ in ppm) spectra were obtained from either Bruker Avance-400 MHz or 500 MHz spectrometer. The spectra were recorded in CDCl~3~ (or dimethyl sulfoxide (DMSO)-*d*~6~) solutions with CDCl~3~ (or DMSO-*d*~6~) as an internal lock; tetramethylsilane and 85% H~3~PO~4~ were used as internal and external standards for ^1^H and ^31^P{^1^H} NMR, respectively. The solid-state ^31^P NMR spectra were recorded on a Bruker AV-500 MHz spectrometer with magic angle spinning (MAS) at 12 kHz. Positive values indicate downfield shifts. The UV--vis and fluorescence spectra were recorded at 298 K on PerkinElmer UV--vis and fluorescence spectrometers, respectively, using a quartz cell (1 cm width). Mass spectra were recorded on a Bruker mass spectrometer using electrospray ionization mass spectrometry (ESI-MS) method. Microanalysis was carried out on a Carlo Erba (model 1106) elemental analyzer. Melting points of all compounds were determined on a Veego melting point apparatus and are uncorrected.

Syntheses {#sec6.3}
---------

### \[C~4~H~3~N~2~-2-NH(CH~2~PPh~2~)\] (**1**) {#sec6.3.1}

A stirred suspension of paraformaldehyde (0.725 g, 24.1 mmol) and diphenylphosphine (4.3 g, 23.1 mmol) was heated to 50 °C until a clear slurry was obtained (1 h). The slurry was allowed to cool to room temperature before being dissolved in toluene (20 mL) and transferred to a solution of 2-aminopyrimidine (1.0 g, 10.5 mmol) (30 mL toluene), followed by refluxing overnight. Solvent was removed under vacuo, and the residue obtained was washed with petroleum ether (3 × 30 mL) to give **1** as a white solid. Yield: 93% (2.8 g). mp: 120 °C. High-resolution mass spectrometry (HRMS) (ESI): *m*/*z* calcd for \[C~17~H~17~N~3~P\]^+^ (\[M + H\]^+^): 294.1155; found: 294.1156. ^1^H NMR (500 MHz, CDCl~3~) δ: 8.25 (s, ArH, 2H), 7.49--7.34 (m, ArH, 10H), 6.53 (t, ^3^*J*~HH~ = 4.8 Hz, ArH, 1H), 5.50 (br s, NH, 1H), 4.24 (t, ^2^*J*~PH~ = 6.0 Hz, CH~2~, 2H). ^31^P{^1^H} NMR (202 MHz, CDCl~3~) δ: −17.1 (s). Anal. Calcd for C~17~H~16~N~3~P: C, 69.61; H, 5.50; N, 10.56%. Found: C, 69.38; H, 5.63; N, 10.74%.

### \[{CuCl}{C~4~H~3~N~2~-2-NH(CH~2~PPh~2~)}\]~∞~ (**2**) (Method A) {#sec6.3.2}

A solution of CuCl (0.013 g, 0.136 mmol) and **1** (0.040 g, 0.136 mmol) in dichloromethane (10 mL) was stirred at room temperature for 6 h. Solvent was removed under vacuum to give **2** as a white solid. Crystals of **2** suitable for single-crystal X-ray analysis were obtained from a 1:1 mixture of dichloromethane and acetonitrile stored at room temperature for 24 h. Yield: 74% (0.048 g). mp: 202--204 °C (decomp). *m*/*z*: calcd for \[C~17~H~16~N~3~PCu\]^+^ (\[M -- Cl\]^+^): 356.0378; found: 356.0591. ^1^H NMR (500 MHz, CDCl~3~) δ: 8.21 (br s, ArH, 2H), 7.77--7.25 (m, ArH, 11H), 6.27 (br s, ArH, 1H), 4.12 (br s, CH~2~, 2H). ^31^P{^1^H} NMR (202 MHz, CDCl~3~) δ: −14.8 (br, s). Anal. Calcd for C~17~H~16~N~3~PCuCl·CH~2~Cl~2~: C, 45.30; H, 3.80; N, 8.80%. Found: C, 45.55; H, 3.74; N, 8.45%. Cross-polarization (CP)-MAS ^31^P NMR δ: −13.7 (q).

### Synthesis of Compound **2g** Using Grinding Method (Method B) {#sec6.3.3}

CuCl (0.013 g, 0.136 mmol) and **1** (0.040 g, 0.136 mmol) were taken in mortar and ground with pestle for 5--10 min. The off-white compound **2g** was collected and characterized by ^31^P{^1^H} NMR spectroscopic data and CHN analysis. Yield: 70% (0.046 g). mp: 175--178 °C. ^31^P{^1^H} NMR (202 MHz, CDCl~3~) δ: −14.8 (br, s). Anal. Calcd for C~17~H~16~N~3~PCuCl: C, 52.17; H, 4.12; N, 10.74%. Found: C, 51.86; H, 4.04; N, 10.37%.

### Effect of Solvent on Grinding Compound **2g** (**2gs**) (Method C) {#sec6.3.4}

Compound **2g** (20 mg) was dissolved in 2 mL of dichloromethane/acetonitrile (1:1) solution and stirred for 30 min at room temperature. Solvent was removed under vacuo, and the residue gave **2gs** as an off-white solid. Compound **2gs** was collected and characterized by ^31^P{^1^H} NMR spectral data and elemental analysis. mp: 200 °C. ^31^P{^1^H} NMR (202 MHz, CDCl~3~) δ: −14.7 (br, s). Anal. Calcd for C~17~H~16~N~3~PCuCl·CH~2~Cl~2~: C, 45.30; H, 3.80; N, 8.80%. Found C, 45.65; H, 3.97; N, 8.78%.

### \[{CuBr}{C~4~H~3~N~2~-2-NH(CH~2~PPh~2~)}\]~∞~ (**3**) (Method A) {#sec6.3.5}

This compound was synthesized by a similar procedure to **2** by using CuBr (0.019 g, 0.136 mmol) and **1** (0.040 g, 0.136 mmol). Crystals of **3** suitable for single-crystal X-ray diffraction were obtained from a mixture of dichloromethane and acetonitrile. Yield: 85% (0.050 g). mp: 239 °C. *m*/*z*: calcd for \[C~17~H~16~N~3~PCu\]^+^ (\[M -- Br\]^+^): 356.0378; found: 356.0318. ^1^H NMR (500 MHz, CDCl~3~) δ: 7.81--7.52 (m, ArH, 13H), 4.56 (br s, CH~2~, 2H). ^31^P{^1^H} NMR (202 MHz, CDCl~3~) δ: −14.0 (br, s). Anal. Calcd for C~17~H~16~N~3~PCuBr: C, 46.75; H, 3.69; N, 9.62%. Found: C, 46.93; H, 3.29; N, 9.31%. Cross-polarization (CP)-MAS ^31^P NMR δ: −12.0 (q).

### Synthesis of Compound **3g** Using Grinding Method (Method B) {#sec6.3.6}

This compound was synthesized by a similar procedure to **2g** by using CuBr (0.019 g, 0.136 mmol) and **1** (0.040 g, 0.136 mmol). The off-white compound **3g** was collected and characterized by ^31^P{^1^H} NMR spectroscopy and elemental analysis. Yield: 88% (0.052 g). mp: 180--182 °C. ^31^P{^1^H} NMR (202 MHz, CDCl~3~) δ: −16.8 (br, s). Anal. Calcd for C~17~H~16~N~3~PCuBr: C, 46.75; H, 3.69; N, 9.62%. Found: C, 46.65; H, 3.63; N, 9.26%.

### Effect of Solvent on Grinding Compound **3g** (**3gs**) (Method C) {#sec6.3.7}

This compound was synthesized by a similar procedure to **2gs** by using **3g** (20 mg). The off-white compound **3gs** was collected and characterized by ^31^P{^1^H} NMR spectroscopy and elemental analysis. mp: 238--240 °C. ^31^P{^1^H} NMR (202 MHz, CDCl~3~) δ: −14.8 (br, s). Anal. Calcd for C~17~H~16~N~3~PCuBr: C, 46.75; H, 3.69; N, 9.62%. Found: C, 46.86; H, 3.42; N, 9.46%.

### \[{CuI}~4~{C~4~H~3~N~2~-2-NH(CH~2~PPh~2~)}~2~(NCCH~3~)~2~\] (**4**) (Method A) {#sec6.3.8}

An acetonitrile solution of CuI (0.008 g, 0.0420 mmol) was layered on the top of a dichloromethane solution of **1** (0.010 g, 0.034 mmol) and was allowed to diffuse at room temperature. Colorless crystals of **4** were obtained within a week. Yield: 71% (0.011 g). mp: 240 °C. HRMS (ESI): *m*/*z*: calcd for \[C~17~H~16~N~3~PCu~2~I\]^+^ (\[M -- I -- CH~3~CN\]^+^): 545.8713; found: 545.8717. ^1^H NMR (500 MHz, CDCl~3~) δ: 8.43 (s, ArH, 2H), 7.92--7.46 (m, ArH, 10H), 6.72 (s, ArH, 1H), 5.76 (br s, NH, 1H), 4.05 (s, CH~2~, 2H), 2.07 (s, MeCN, 3H). ^31^P{^1^H} NMR (202 MHz, DMSO-*d*~6~) δ: −20.7 (br, s). Anal. Calcd for C~38~H~38~N~8~P~2~Cu~4~I~4~: C, 31.90; H, 2.68; N, 7.83%. Found: C, 32.21; H, 2.56; N, 7.93%. Cross-polarization (CP)-MAS ^31^P NMR δ: −28.4 (q).

### Synthesis of Compound **4g** Using Grinding Method (Method B) {#sec6.3.9}

This compound was synthesized by a similar procedure to **2g** by using CuI (0.025 g, 0.136 mmol) and **1** (0.040 g, 0.136 mmol). The off-white compound **4g** was collected and characterized by ^31^P{^1^H} NMR spectroscopy and elemental analysis. Yield: 89% (0.058 g). mp: 210 °C, ^31^P{^1^H} NMR (202 MHz, DMSO-*d*~6~) δ: −21.3 (br, s). Anal. Calcd for C~38~H~38~N~8~P~2~Cu~4~I~4~: C, 31.90; H, 2.68; N, 7.83%. Found: C, 31.49; H, 2.39; N, 7.01%.

### Effect of Solvent on Grinding Compound **4g** (**4gs**) (Method C) {#sec6.3.10}

This compound was synthesized by a similar procedure to **2gs** by using **4g** (20 mg). The off-white compound **4gs** was collected and characterized by ^31^P{^1^H} NMR spectroscopy and elemental analysis. mp: 242 °C, ^31^P{^1^H} NMR (202 MHz, DMSO-*d*~6~) δ: −21 (br, s). Anal. Calcd for C~38~H~38~N~8~P~2~Cu~4~I~4~: C, 31.90; H, 2.68; N, 7.83%. Found: C, 32.16; H, 2.83; N, 8.03%.

### \[{AgOTf}{C~4~H~3~N~2~-2-NH(CH~2~PPh~2~)}\]~∞~ (**5**) {#sec6.3.11}

A dichloromethane solution (10 mL) containing AgOTf (0.030 g, 0.119 mmol) and **1** (0.035 g, 0.119 mmol) was stirred at room temperature for 6 h, in the minimum exposure of light. The volatile was removed under reduced pressure, and the resulting residue was triturated with petroleum ether and afforded a white powder. Crystals of **5** suitable for single-crystal X-ray diffraction were obtained from layering of petroleum ether to the saturated solution in dichloromethane. Yield: 79% (0.051 g). mp: 215 °C (decomp). HRMS (ESI): *m*/*z*: calcd for \[C~17~H~16~N~3~PAg\]^+^ (\[M -- OTf\]^+^): 400.0127; found: 400.0127. FT-IR (KBr disk): νCF~3~SO~3~(S=O): 1262 cm^--1^. ^1^H NMR (500 MHz, CDCl~3~) δ: 8.25 (br s, ArH, 2H), 7.69--7.41 (m, ArH, 11H), 6.52 (br s, ArH, 1H), 4.73 (br s, CH~2~, 2H). ^19^F NMR (376 MHz, CDCl~3~) −77.84 (s). ^31^P{^1^H} NMR (202 MHz, CDCl~3~) δ: 8.3 (br, s). Anal. Calcd for C~18~H~16~AgF~3~N~3~O~3~PS: C, 39.29; H, 2.93; N, 7.64%. Found: C, 38.97; H, 3.26; N, 7.22%.

### \[{Ag}{C~4~H~3~N~2~-2-NH(CH~2~PPh~2~)}\]~2~\[BF~4~\]~2~ (**6**) {#sec6.3.12}

A solution of AgBF~4~ (0.016 g, 0.0851 mmol) and **1** (0.025 g, 0.0851 mmol) in dichloromethane (10 mL) was stirred at room temperature for 5 h, in the minimum exposure of light. Solvent was removed under vacuum to yield **6** as a white solid. Crystals of **6** suitable for single-crystal X-ray diffraction were obtained from layering of petroleum ether to the saturated solution of dichloromethane. Yield: 76% (0.037 g). mp: 122 °C. HRMS (ESI): *m*/*z*: calcd for \[C~17~H~16~N~3~PAg\]^+^ (\[M -- BF~4~\]^+^): 400.0127; found: 400.0128. ^1^H NMR (500 MHz, CDCl~3~) δ: 8.19 (s, ArH, 2H), 7.70--7.43 (m, ArH, 10H), 7.05 (br, s, NH, 1H) 6.54 (s, ArH, 1H), 4.75 (s, CH~2~, 2H). ^19^F NMR (376 MHz, CDCl~3~) −148.24 (s). ^31^P{^1^H} NMR (202 MHz, CDCl~3~) δ: 9.9 (br, s). Anal. Calcd for C~34~H~32~Ag~2~B~2~F~8~N~6~P~2~·2CH~2~Cl~2~: C, 37.73; H, 3.17; N, 7.33%. Found: C, 37.78; H, 3.46; N, 6.97%.

### \[{AuCl}{C~4~H~3~N~2~-2-NH(CH~2~PPh~2~)}\]~2~ (**7**) {#sec6.3.13}

This compound was synthesized by a similar procedure to **6** by using \[AuCl(SMe~2~)\] (0.030 g, 0.1021 mmol) and **1** (0.030 g 0.1021 mmol). Crystals of **7** suitable for single-crystal X-ray diffraction were obtained from layering of petroleum ether to the saturated solution in dichloromethane. Yield: 85% (0.045 g). mp: 200--204 °C (decomp). HRMS (ESI): *m*/*z*: calcd for \[C~17~H~16~N~3~PAu\]^+^ (\[M -- Cl\]^+^): 490.0742; found: 490.0743. ^1^H NMR (500 MHz, CDCl~3~) δ: 8.30 (br s, ArH, 2H), 7.76--7.49 (m, ArH, 11H), 6.67 (br s, NH, 1H), 4.71 (s, CH~2~, 2H). ^31^P{^1^H} NMR (202 MHz, CDCl~3~) δ: 26.0 (s). Anal. Calcd for C~17~H~16~AuClN~3~P: C, 38.84; H, 3.07; N, 7.99%. Found: C, 38.51; H, 2.92; N, 7.59%.

X-ray Crystallography {#sec6.4}
---------------------

A crystal of each of the compounds in the present work suitable for single-crystal X-ray diffraction studies was mounted in a cryoloop with a drop of paratone oil and placed in the cold nitrogen stream of the kryoflex attachment of the Rigaku Saturn724 diffractometer. Data were collected at 100(2)/150(2) K using graphite-λ monochromated Mo Kα radiation (λα = 0.71073 Å). The unit cell determination and data reduction were performed using the Rigaku CrystalClear-SM Expert 2.1 software. Crystal data and summary of data collection for all compounds are given in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}. The structures were solved by direct methods and refined by least-squares procedures on *F*^2^ with SHELXTL^[@ref89]^ package. All nonhydrogen atoms were refined anisotropically. Hydrogen atoms were placed based on the geometry and refined with a riding model. Powder X-ray diffraction (PXRD) was carried out on EMPYREAN, Malvern Panalytical diffractometer with Cu Kα radiation (λ = 1.54184 Å). Data were collected in a rectangular sample holder of dimension of volume 0.6 cm^3^, i.e., *l* = 2, *b* = 1.5, *h* = 0.2 cm at 298 K using a scan range (2θ/deg) of 5--100.

###### Crystallographic Information for Compounds **2**--**7**

                                        2                              3                            4                             5                                     6                                 7
  ------------------------------------- ------------------------------ ---------------------------- ----------------------------- ------------------------------------- --------------------------------- ----------------------------
  emp. formula                          C~34~H~32~Cl~2~Cu~2~N~6~P~2~   C~17~H~16~BrCuN~3~P          C~38~H~38~Cu~4~I~4~N~8~P~2~   C~36~H~32~Ag~2~F~6~N~6~O~6~P~2~S~2~   C~34~H~32~Ag~2~B~2~F~8~N~6~P~2~   C~17~H~16~AuClN~3~P
  formula weight                        784.57                         436.75                       1430.46                       1100.50                               975.95                            525.71
  crystal system                        monoclinic                     monoclinic                   triclinic                     orthorhombic                          triclinic                         monoclinic
  space group                           *P*2~1~/*n*                    *P*2~1~/*n*                  *P*1                          *P*2~1~2~1~2~1~                       *P*1                              *P*2~1~/*c*
  *a*, Å                                13.4961(7)                     13.4532(6)                   9.6360(2)                     9.3162(3)                             9.3737(6)                         19.4767(7)
  *b*, Å                                7.3977(3)                      7.4445(2)                    10.2333(3)                    18.1124(7)                            10.3726(6)                        8.5915(3)
  *c*, Å                                17.2981(9)                     17.5935(8)                   12.8232(3)                    23.9326(9)                            11.0196(8)                        20.9829(6)
  α, deg                                90                             90                           69.010(2)                     90                                    108.252(6)                        90
  β, deg                                108.456(6)                     106.285(4)                   81.979(2)                     90                                    102.115(6)                        96.190(3)
  γ, deg                                90                             90                           71.386(2)                     90                                    110.351(5)                        90
  *V*, Å^3^                             1638.22(15)                    1691.35(12)                  1118.35(5)                    4038.4(3)                             890.77(11)                        3490.7(2)
  *Z*                                   2                              4                            1                             4                                     1                                 8
  ρ~calc~, g cm^--3^                    1.591                          1.715                        2.124                         1.8099                                1.819                             2.001
  μ(Mo Kα), mm^--1^                     1.595                          3.750                        4.746                         1.234                                 1.268                             8.675
  *F*(000)                              800.0                          872.0                        680.0                         2187.9                                484.0                             2000.0
  *T*, K                                150                            150                          150                           100                                   100                               150
  2θ range, deg                         6.0--50                        5.9--49.9                    4.4--49.9                     4.5--50                               4.6--49.9                         4.2--49.9
  total no. reflns                      13 456                         10 381                       21 000                        31 710                                7123                              21 914
  no. of indep. reflns                  2842 \[*R*~int~ = 0.0244\]     2959 \[*R*~int~ = 0.0287\]   3939 \[*R*~int~ = 0.0422\]    7072 \[*R*~int~ = 0.0362\]            3121 \[*R*~int~ = 0.1695\]        6133 \[*R*~int~ = 0.0487\]
  *S*                                   1.045                          1.034                        1.051                         1.064                                 0.932                             1.043
  *R*~1~, w**R**~2~ \[*I* ≥ 2σ(*I*)\]   0.0255, 0.0678                 0.0268, 0.0649               0.0199, 0.0496                0.0343, 0.0727                        0.0779, 0.2136                    0.0273, 0.0578

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acsomega.8b02484](http://pubs.acs.org/doi/abs/10.1021/acsomega.8b02484).NMR and HRMS data for **1**--**7**, **2g**--**3g**, and **2gs**--**4gs** ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b02484/suppl_file/ao8b02484_si_001.pdf))Crystallographic information for compounds **2**--**7** ([CIF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b02484/suppl_file/ao8b02484_si_002.cif))
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